miRNA regulation of nutrient homeostasis in plants by Soumitra Paul et al.
REVIEW
published: 10 April 2015
doi: 10.3389/fpls.2015.00232
Edited by:
Clelia De-la-Peña,
Centro de Investigación Científica de
Yucatán, Mexico
Reviewed by:
Stewart Gillmor,
Centro de Investigación y de Estudios
Avanzados del Instituto Politécnico
Nacional, Mexico
Maofeng Chai,
The Samuel Roberts Noble
Foundation, USA
*Correspondence:
Karabi Datta,
Translational Research Laboratory
of Transgenic Rice, Department
of Botany, University of Calcutta, 35
Ballygunge Circular Road,
Kolkata-700019, WB, India
krbdatta@yahoo.com
Specialty section:
This article was submitted to Plant
Biotechnology, a section of the journal
Frontiers in Plant Science
Received: 10 December 2014
Accepted: 23 March 2015
Published: 10 April 2015
Citation:
Paul S, Datta SK and Datta K (2015)
miRNA regulation of nutrient
homeostasis in plants.
Front. Plant Sci. 6:232.
doi: 10.3389/fpls.2015.00232
miRNA regulation of nutrient
homeostasis in plants
Soumitra Paul, Swapan K. Datta and Karabi Datta*
Translational Research Laboratory of Transgenic Rice, Department of Botany, University of Calcutta, Kolkata, India
Small RNAs including micro RNAs (miRNA) play an indispensable role in cell signaling
mechanisms. Generally, miRNAs that are 20–24 nucleotides long bind to specific
complementary transcripts, attenuating gene expression at the post-transcriptional level
or via translational inhibition. In plants, miRNAs have emerged as the principal regulator
of various stress responses, including low nutrient availability. It has been reported
that miRNAs are vital for maintaining nutrient homeostasis in plants by regulating the
expression of transporters that are involved in nutrient uptake and mobilization. The
present review highlights the role of various miRNAs in several macro- or micronutrient
deficiencies in plants. Understanding the regulation of different transporters by miRNAs
will aid in elucidating the underlying molecular signal transduction mechanisms during
nutritional stress. Recent findings regarding nutrient related-miRNAs and their gene
regulation machinery may delineate a novel platform for improving the nutritional status
of cereal grains or crop biofortification programs in the future.
Keywords: miRNA, plant, micronutrient, macronutrient, transporters, nutrient homeostasis
Introduction
Plants acquire mineral ions from the soil, which they allocate to various compartments follow-
ing long- or short-distance transport. The underlying molecular mechanisms of uptake, transport,
and loading of mineral ions into storage organs depend on the diﬀerential expression of various
transporters based on mineral availability (Sperotto et al., 2014). The deﬁciency of mineral ions
in the soil elicits signaling responses in plants, and interactions among signaling molecules and
transporter or carrier genes can facilitate ion transport (Vigani et al., 2013a,b). If a plant is under
nutrient starvation, the information is immediately transmitted to the genetic material via signal-
ing molecules to maintain nutrient homeostasis. The scarcity of nutrients activates transporters or
alters the architecture and growth of roots to enhance mineral uptake (Jung and McCouch, 2013).
Signaling molecules interact with speciﬁc nucleotide sequences of mRNA to alter gene expression.
Small regulatory RNAs are considered the most ubiquitous signaling molecules that regulate
post-transcriptional gene expression. These small RNAs bind with speciﬁc mRNA that exhibit
their perfect complementary bases and attenuate gene expression (Bartel, 2004). In plants, two
major types of small RNAs, small interfering RNAs (siRNAs) and microRNAs (miRNAs), are likely
associated with the silencing of gene expression. siRNAs, which are small 20- to 24-nucleotide reg-
ulatory RNAs, are primarily derived from endogenous genomic regions or exogenously supplied
duplexes of nucleic acid, as used in RNAi-mediated gene silencing technology (Jamalkandi and
Masoudi-Nejad, 2009; Khraiwesh et al., 2012). Dicer-like enzymes (DCL in Arabidopsis) cleave the
double-stranded duplex (with hairpin loop) to form short, perfect duplexes, which are loaded onto
the RNA-induced silencing complex (RISC). The sense strand of the RISC complex recognizes the
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target gene or transcript and binds to the perfect complemen-
tary nucleotide sequences and regulates the gene expression
level at post transcriptional or transcriptional levels (Schauer
et al., 2002). However, miRNAs, 20–24 nucleotides in length,
are derived from endogenous primary transcripts upon process-
ing. The processed mature miRNA is incorporated into the RISC
complex and directs the RISC complex toward degradation or
the translational inhibition of target mRNAs (Lee et al., 2004;
Vazquez et al., 2010).
In plants, miRNAs are primarily associated with several phys-
iological phenomena, such as growth, development, organo-
genesis, and responses to various biotic and abiotic stresses
(Chen, 2004; Sunkar and Zhu, 2004; Kidner and Martienssen,
2005; Lu et al., 2008; Zhang et al., 2008; Kruszka et al., 2012).
Recently, several novel miRNAs were reported for the uptake
and transport of nutrient minerals in plants (Jones-Rhoades and
Bartel, 2004; Fischer et al., 2013; Kehr, 2013). In the present
review, current knowledge of the diﬀerent classes of nutrient
responsive-miRNAs and of their functions in nutrient home-
ostasis was extensively studied, which may aid in understanding
the role of miRNAs as master regulators of nutrient loading in
plants. The regulation of the diﬀerential expression of trans-
porter genes by miRNAs may reveal a novel paradigm for crop
biofortiﬁcation or mineral bioavailability in cereal grains in the
future.
miRNAs in Nutrient Homeostasis
miRNA and Phosphorus Nutrition
Inorganic phosphate (Pi), an essential mineral for plant growth
and development is often a limiting factor in plant nutrition.
Despite the adequate amount of phosphorus (P) in cultivated
land, plants can uptake very small amounts of phosphorus due
to its low availability. Plants synthesize several classes of nucle-
ases and phosphatases to solubilize external Pi or to release Pi
from organic substances and to upregulate the gene expression
of certain exporter/importer transport proteins to acclimatize
to phosphate starvation (Poirier and Bucher, 2002; Abel, 2011).
Recent studies have identiﬁed the involvement of small RNAs,
particularly miRNAs, in the diﬀerential regulation of phosphate-
related gene expression in Arabidopsis, rice, wheat, barley, maize,
soybean, white lupin, and tomato, etc. (Table 1; Pant et al.,
2009; Gu et al., 2010; Lundmark et al., 2010; Zhu et al., 2010;
Hackenberg et al., 2013; Pei et al., 2013; Xu et al., 2013; Zhao et al.,
2013a). In Arabidopsis, the deprivation of Pi is rapidly transmit-
ted to the shoots and induces the synthesis of miR399a-f families.
miR399 binds to the ﬁve complementary sites of the phosphate
over accumulator2 (PHO2) transcript, which is in the 5′ untrans-
lated region (UTR), 200–400 bp upstream and induces mRNA
cleavage (Pant et al., 2008). PHO2, an essential transporter for
phosphate mobilization, is associated with E2 ubiquitin conju-
gating enzyme. The reduction of PHO2 helps to accumulate high
amounts of Pi in the shoots. The role ofmiR399 and its biosynthe-
sis regulation have been well demonstrated. The myeloblastosis
(MYB) transcription factors like phosphate starvation response1
(PHR1) binding sites, such as P1BS, PHO, and PHO-like, are
present upstream of the promoter region of miR399 (Bari et al.,
2006; Zeng et al., 2010; Xu et al., 2013). The expression ofmiR399f
is also regulated by the binding of MYB2 transcription factor at
the cis-acting elements of the MIR399f promoter, as reported in
Arabidopsis (Baek et al., 2013). Notably, long non-coding RNA,
another signaling molecule, which is induced by phosphate star-
vation1 (IPS1), plays an inhibitory role by protecting the PHO2
transcript and interferes with miR399-mediated PHO2 gene reg-
ulation (Franco-Zorrilla et al., 2007; Hu et al., 2011; Huang et al.,
2011).
In Arabidopsis, phosphate limitation also increases the
amounts of three other miRNAs: miR778, miR827, and miR2111.
Intriguingly, within 3 h of Pi re-addition, the abundance of
miR2111, and miR778 rapidly reduce by approximately twofold.
Two copies of miR2111 are present in the Arabidopsis genome,
and both loci show similar phosphate response activities (Pant
et al., 2009). Recently, the dual responses of miR827, miR399,
miR2111, and miR827 have been elucidated. The activity of
miR2111 is reversed under nitrogen (N)-starvation compared to
phosphate (P)-starvation (Liang et al., 2012). The miR827 and
miR399 have also been identiﬁed to function in N-starvation by
targeting the nitrogen limitation adaptation (NLA) gene and are
thought to increase the expression of the PHO2 transporter. In
lower abundances of nitrates, the nla mutant has been found
to play an important role in phosphorus homeostasis by accu-
mulating excessive Pi. A similar condition has been observed
for miR827-overexpressing Arabidopsis plants and supports the
miR827-mediated gene regulation of phosphate transporters
(Kant et al., 2011). In rice, Pi accumulation followed by a per-
turbation of phosphorus mobilization in old leaves is also man-
ifested by miR827 (Wang et al., 2012). Notably, the expression
of miR398a is regulated by P, carbon (C) and N limitation, indi-
cating a more general role in mineral homeostasis. Repression
due to C limitation was also shown to be correlated with the
induction by sucrose (Dugas and Bartel, 2008). Furthermore, soy-
bean roots, miR159a has been found to be up regulated during
P deﬁciency, whereas down regulation of miR319a, miR396a,
miR398b, miR1507a has been shown. The diﬀerential regula-
tion of miRNAs during P-starvation depends on the frequency
of phosphorus responsive motifs (P responsive motifs) in the
promoter of the miRNA genes. The number of P-responsive
motifs in the cis-acting region of miRNA genes is reported to be
higher than those of non-responding miRNA genes (Zeng et al.,
2010).
miRNAs in Nitrogen Uptake and Transport
Nitrogen, an essential constituent for nucleic acids, protein,
chlorophyll, etc., plays a crucial role in plant growth and devel-
opment. N transport depends on the external acquisition of N by
roots from the soil, except the mechanism of biological N ﬁxation
in legumes. Plants can adapt in N-limiting soil conditions by up-
or down-regulating a speciﬁc group of exporter or importer pro-
teins. The diﬀerential regulation of transporters is selectively con-
trolled by several small miRNA families. In Arabidopsis, depend-
ing on the occurrence at N-starvation, the miRNA-responsive
populations can be categorized into two groups by Solexa high-
throughput sequencing. N-starvation-induced (NSI) miRNA
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TABLE 1 | Differentially expressed miRNAs reported under different nutrient/metal (N, P, S, Cu, Mn, Fe, Zn) deprivation in various plant species.
micro RNA
(miRNA)
Phosphorus (P) Nitrogen (N) Sulfur (S) Copper (Cu) Manganese (Mn) Iron (Fe) Zinc (Zn)
miR156 ↑
(White lupin)
↑
(Arabidopsis)
↑
(Brassica napus)
↑
(Phaseolus vulgaris)
miR156h ↑
(Arabidopsis)
miR157 ↑
(P. vulgaris)
miR158 ↑
(Tomato)
↑
(Arabidopsis)
miR159 ↑
(White lupin)
↑
(Arabidopsis)
miR159a ↑
(Soybean)
miR159b ↑
(Wheat)
miR160 ↑
(White lupin)
↑
(Arabidopsis, Maize)
↑
(B. napus)
miR164 ↑
(White lupin)
↑
(Maize leaves)
↑
(B. napus)
↑
(P. vulgaris)
↑
(Arabidopsis)
miR166 ↑
(White lupin)
↑
(P. vulgaris)
↑
(Sorghum
bicolor)
miR167 ↑
(Wheat)
↓
(Arabidopsis, ↑
maize)
↑
(B. napus)
↑
(P. vulgaris)
miR168 ↑
(White lupin)
↑
(maize roots)
↑
(B. napus)
miR169 ↑
(Arabidopsis, Medicago
truncatula, maize)
↑
(P. vulgaris)
miR169 (a-c) ↓
Arabidopsis
miR169 (d-g) ↑
(miR189g in
Tomato)
↑
Soybean
miR169 (h-n) ↓
Maize
miR170 ↑
(P. vulgaris)
miR171 ↑
(Arabidopsis)
↑
(S. bicolor)
miR172 ↑
(Tomato)
↑
(Arabidopsis, maize)
↑
(P. vulgaris)
↑
(Arabidopsis)
↑
(S. bicolor)
miR172b ↑
(Tomato)
miR173 ↑
(Arabidopsis)
miR319 ↑
(Tomato, White
lupin)
↑
(Arabidopsis, maize)
↑
(P. vulgaris)
↑
(S. bicolor)
miR319a ↓
(Soybean)
miR390 ↓
(White lupin)
↑
(P. vulgaris)
miR394 ↑
(B. napus)
↑
(Arabidopsis)
miR395 ↓
(White lupin)
↓↑
(Arabidopsis, maize)
↑
(B. napus)
↑
(P. vulgaris)
(Continued)
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TABLE 1 | Continued
micro RNA
(miRNA)
Phosphorus (P) Nitrogen (N) Sulfur (S) Copper (Cu) Manganese (Mn) Iron (Fe) Zinc (Zn)
miR396a ↑
(White lupin)
↓
(Soybean)
↑
(P. vulgaris)
miR397 ↑
(Maize)
↑
(Arabidopsis)
↓
(Arabidopsis)
miR398a ↑
(Arabidopsis,
Tomato)
↑
(Arabidopsis, maize)
↑
(Arabidopsis)
↓
(Arabidopsis)
↑↓
(S. bicolor)
miR398b ↓
(Soybean)
↓
(Arabidopsis)
miR398c ↓
(Arabidopsis)
miR398s ↓
(Arabidopsis)
miR399(a-f) ↑
(Arabidopsis,
Wheat, Tomato)
↓↑
(Arabidopsis, maize)
↑
(B. napus)
↓
(Arabidopsis)
↑
(S. bicolor)
miR408 ↓
(Wheat)
↑
(Maize)
↑
(Arabidopsis)
↓
(Arabidopsis)
miR437 ↑
(White lupin)
miR447 ↓
(White lupin)
miR528 ↑
(Maize)
↓
(S. bicolor)
miR771 ↓
(Tomato)
miR775 ↓
(Tomato)
miR778 ↑
(Arabidopsis)
miR826 ↑
(Arabidopsis)
miR827 ↑
(Arabidopsis)
↓
(Rice, maize)
miR829 ↑
(Arabidopsis)
miR830 ↑
(White lupin)
miR837-3p ↑
(Tomato)
miR839 ↑
(Arabidopsis)
miR846 ↑
(Arabidopsis)
miR850 ↓
(Arabidopsis)
miR857 ↑
(White lupin)
↓
(Arabidopsis)
↑
(Arabidopsis)
miR863 ↓
(Arabidopsis)
miR896 ↑
(White lupin)
(Continued)
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TABLE 1 | Continued
micro RNA
(miRNA)
Phosphorus (P) Nitrogen (N) Sulfur (S) Copper (Cu) Manganese (Mn) Iron (Fe) Zinc (Zn)
miR1122 ↑
(Wheat)
miR1125 ↑
(Wheat)
miR1135 ↑
(Wheat)
miR1136 ↑
(Wheat)
miR1211 ↓
(White lupin)
miR1222 ↑
(White Lupin)
miR1507a ↓
(Soybean)
miR2111 ↑
(Arabidopsis)
↓
(Arabidopsis)
↑
(Arabidopsis)
↓
(Arabidopsis)
families include several members, such as miR156, miR169,
miR171, miR160, miR319, miR826, miR829, miR839, and
miR846, whereas miR167, miR172, miR399, miR395, miR850,
miR857, miR863, and miR827 are recognized as N-starvation-
suppressed (NSS) miRNA group members (Liang et al., 2012;
Table 1). Furthermore, 15 and 14 miRNA families have been
identiﬁed to be responsive in N-limiting conditions in rice and
maize, respectively (Xu et al., 2011; Nischal et al., 2012). The
miR156 family in Arabidopsis has been found at the highest
abundance, and miR156h is thought to be the most important
among the three members of the miR156 family. On the contrary,
miR172 is negatively regulated by miR156 and inhibits the repro-
ductive phase by prolonging the juvenile period. In N-starvation,
the induction of miRNA160 inhibits lateral root development,
whereas miR170 hastens the growth of primary roots by tar-
geting auxin response factor (ARF16/17) and SCL6 regulatory
proteins, respectively (Liang et al., 2012). In contrast, the pertur-
bation of miR167 biogenesis in N-limiting condition attenuates
the expression of ARF6/8, which in turn facilitates the develop-
ment of lateral and adventitious roots (Jones-Rhoades and Bartel,
2004; Giﬀord et al., 2008).
In Medicago truncatula, miR169 and miR172 play a pivotal
role in nodule development by regulating the expression of the
HAP2 and AP2 genes. The lower abundances of miR169 dur-
ing N-limitation upregulates HAP2 gene expression and the
subsequent diﬀerentiation of nodule primordial by maintain-
ing low N in the roots (Pant et al., 2009). However, diﬀerent
members of the miR169 family, such as miR169a, miR169bc,
miR169d-g, and miR169h-n, have been reported in diﬀerent
plant species of Arabidopsis, soybean, and maize, etc. They are
actively associated with the up-regulation of nitrate transporters
during N-starvation (Xu et al., 2011; Zhao et al., 2011, 2012,
2013b; Liang et al., 2012; Wang et al., 2013b). Under low N
availability, the expression of miR169d-g has been shown to
be increased. miR169d-g exhibits a similar pattern of expres-
sion during P and sulfur (S) deﬁciencies, whereas other mem-
bers are expressed diﬀerently (Liang et al., 2012). Very recently,
miR172 was found to be exclusively expressed in the nodules of
soybeans, targeting Arabidopsis homologous gene APETALA2-
related transcription factors in response to P-starvation (Yan
et al., 2013).
miRNAs in Sulfur Homeostasis
Sulfur (S), an indispensable inorganic mineral, is mainly taken
up by roots in the form of sulfate from the soil. The S is
assimilated into cysteine, methionine, glutathione, glucosino-
late compounds, and various Fe–S proteins, cofactors, and
lipoic acids, which are associated with both primary and sec-
ondary metabolism during stress (Rausch and Wachter, 2005).
In Arabidopsis, sulfate is transported through xylem or phloem
via cell-speciﬁc transporters such as sulfate transporters1;1
(SULTR1;1), SULTR2;1, and SULTR2;2. The expression of the
transporters is predominantly regulated by miR395 depend-
ing on S starvation or abundance (Kawashima et al., 2009).
Intriguingly, sulfate limitation induces the expression of miR395
and its low aﬃnity sulfate transporter SULTR2;1, in contrast
to the inhibitory eﬀect of sulfate deﬁciency. SULTR2;1 is pri-
marily conﬁned to the xylem parenchyma, whereas miR395 is
highly abundant in the phloem parenchyma and plays cru-
cial role in sulfate remobilization between leaves during sulfate
deﬁciency (Liang and Yu, 2010). The restriction of SULTR2;1
expression by miR395 in the xylem parenchyma facilitates the
translocation of sulfate ions from the roots to the shoots.
In addition, S deﬁciency leads to the elevated synthesis of
SULFUR LIMITATION1 (SLIM1) protein in the roots, which
in turn activates various sulfate transporters to enhance S
uptake (Liang et al., 2010; Kawashima et al., 2011). The role
of miR395 has also been elucidated in S assimilation by sup-
pressing the expression of ATP sulfurylase genes, such as APS1,
APS3, and APS4, which catalyze the ﬁrst step of S assimilation
(Matthewman et al., 2012). The expression levels of miR156,
miR160, miR164, miR167, miR168, and miR394 are also mod-
ulated by S deprivation, as observed in Brassica napus (Huang
et al., 2010).
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miRNAs in Copper Homeostasis
Copper (Cu) is an essential micronutrient that serves primar-
ily as a cofactor of metabolic enzymes and protein complexes in
the electron transport chain. It is an integral member of plasto-
cyanin, which actively participates in the electron transport of
chloroplast grana during photosynthesis. Cu plays an important
role against oxidative stress responses by acting as a cofactor
of Copper/Zinc superoxide dismutase (CSD). During Cu limi-
tation, the induction of miR398 down regulates CSD1, CSD2,
and Cu chaperones for superoxide dismutase SOD1 (CCS1) gene
expression (Sunkar et al., 2006; Beauclair et al., 2010). CCS1 is a
chaperone protein that delivers the Cu ions to CSD1 and CSD2
apoprotein. Under Cu-deﬁcient conditions, Cu/Zn superoxide
function is replaced by iron (Fe) superoxide dismutase due to
the low availability of Cu. The subunit of cytochrome C oxidase,
the inner membrane protein of mitochondria encoded byCYCLO
MONOOXYGENASE is also repressed by miR398 expression in
Arabidopsis (Abdel-Ghany and Pilon, 2008). Other families of
miRNAs, such as miR397, miR408, and miR857, have been found
to be up regulated during Cu starvation, which in turn sup-
presses the expression of laccase and plastocyanin genes. The
three laccase genes (LAC), such as LAC3, LAC12, and LAC13, are
down regulated by miR408, and the mRNA of LAC2, LAC4, and
LAC17 are degraded by miR397. miR857 is primarily responsi-
ble for targeting LAC7 transcripts. Notably, miRNAs related to
Cu homeostasis facilitate plastocyanin biosynthesis by reducing
the biosynthesis of non-essential Cu enzymes, thus ensuring Cu
homeostasis by altering Cu availability among various groups of
proteins (Giﬀord et al., 2008).
miRNA in Other Mineral Homeostasis
Manganese (Mn), Fe, and Zinc (Zn) are essential minerals
for plant growth and nutrition. Several miRNAs have been
found to be up regulated during Mn starvation and are also
associated with other mineral stresses. In Phaseolus vulgaris,
miR319, miR169, miR396, miR170, miR164, miR390, miR395,
miR166, miR172, miR157, miR156, and miR167 are up reg-
ulated during Mn toxicity and attenuate the expression of
a wide group of genes, including various transcription fac-
tors such as TEOSINTE-LIKE1, CYCLOIDEA, PROLIFERATING
CELL FACTOR1 (TCP), HAPLESS (HAP2), SCARECROW-
LIKE,NOAPICALMERISTEM (NAC), Arabidopsis transcription
activation factor, CUP SHAPED COTYLEDON, serine threo-
nine protein kinase, and APETALA2, etc. (Valdes-Lopez et al.,
2010).
Iron and Zn are indispensable micronutrients for plants, as
they are the major cofactors for several key metabolic enzymes,
including Fe-S cluster proteins and ferredoxin molecules
(Couturier et al., 2013; Forieri et al., 2013). Furthermore, the
inadequate amounts of Fe and Zn that are stored in the edible
parts of cereal grains play immense roles in human nutrition.
The bioavailability of minerals in grains is directly associated with
the uptake, transport, and loading of mineral ions (Aung et al.,
2013). Recently, the miRNA-mediated regulation of Fe-related
transporters and storage proteins were elucidated in Arabidopsis.
miR398, one of the key activators for CSD gene expression dur-
ing Cu deﬁciency, is also regulated by Fe deﬁciency but in an
opposite manner. Fe deﬁciency reduces the expression of miR397,
miR398a, miR398b, miR398c, miR398s, miR399, miR408, and
miR2111, whereas Cu deﬁciency increases their expression and
in turn regulates the expression of CSD1 and CSD2 (Buhtz et al.,
2010; Waters et al., 2012). Therefore, the Cu-Fe interrelationship
is another novel ﬁnding regarding the study of gene expression
during Fe homeostasis. In addition, eight miRNAs from ﬁve fam-
ilies, including miR159, miR164, miR172, miR173, and miR394,
were previously identiﬁed as Fe-responsive families from the
small RNA library population in Arabidopsis. Intriguingly, the
Fe deﬁciency responsive cis-acting elements1 and 2 (IDE1/IDE2)
were found within the promoters of twenty-four miRNA genes
in Arabidopsis and resemble the Fe-responsive gene families that
are regulated during Fe deﬁciencies (Kong and Yang, 2010).
However, the roles of other miRNAs in Fe transport and storage
have not been clearly established.
The Zn deﬁciency in Sorghum bicolor aggravates the upreg-
ulation of several miRNA families, such as miR166, miR171,
miR172, miR398, miR399, and miR319, which in turn target
many gene family members including transporters (Li et al.,
2013). Interestingly, two miRNA family members were found
to be involved in the regulation of the expression of the
CSD gene family but in an opposite manner. The upregula-
tion of miR398 reduces the gene expression of CSD in the
roots, whereas attenuated miR528 elevate the level of CSD
transcripts in the seeds and the leaves. Furthermore, miRNAs
maintain nutrient homeostasis by possessing an endogenous sig-
nal for the transport of micro and macronutrients (Liu et al.,
2009; Marín-González and Suárez-López, 2012; Kehr, 2013).
The up- or downregulation of diverse miRNAs during other
metal stresses, such as Al, Cd, Hg, and Cd stress, have also
been reported and likely play a role in the adaptive mecha-
nisms of plants by regulating the expression of various stress-
related genes (Zeng et al., 2012; Zhou et al., 2012; Zhang et al.,
2013).
miRNAs in Systemic Mobility and
Long-Distance Transport
After uptake by the roots, nutrients are allocated to the var-
ious storage parts of plants following long-distance transport.
Xylem and phloem contribute to long-distance transport, and
phloem-mediated communication plays an important role dur-
ing nutrient stress. Phloem not only preserves the source-sink
relationship but it also ensures cell-to-cell signal communication
during diﬀerent biotic and abiotic stress responses. Increasing
evidence suggests that phloem-speciﬁc mRNAs coupled with
small RNAs act as signaling molecules in diﬀerent physiologi-
cal responses, including nutrient transport under low nutrient
conditions in several plant species (Varkonyi-Gasic et al., 2010;
Kehr, 2013). Recently, microarrays of B. napus have revealed the
presence of a speciﬁc set of phloem sap-speciﬁc miRNAs that
are accumulated during S and Cu deﬁciency and are distinct
in the roots, leaves, and inﬂorescence axis (Buhtz et al., 2010).
miR395, which is known as sulfur deﬁciency responsive-miRNA,
accumulates in phloem sap with miR399 and miR2111. miR399
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TABLE 2 | Categorization of “conserved” and “unique” miRNAs under different nutrient stress and their predicted target genes.
Nature of miRNA families miR ID Frequencies of occurrence under
different low/high nutrient conditions
Predicted target genes
Conserved Highest miR164 5 (P1, N2, S3, Mn5, Fe6 ) PHO21, NLA2, AP21,2,3, APS13, CSD14,6,
CSD24,6, SOD14 , CYCLOIDEA5 , Fe–S Cluster
Proteins6 , Fe transporters6,7
miR172 5 (P1, N2, Mn5, Fe6, Zn7 )
miR398 5 (P1, N2, Cu4 , Fe6, Zn7 )
miR399 5 (P1, N2, S3, Fe6 , Zn7 )
High miR156, miR167, miR395 4 (P1, N2, S3, Mn5 ) ARF61, ARF81,2, NAC5, TEOSINTE-LIKE15
SCARECROW-LIKE5, APS13, APS33, APS43,
SULTR1;13 , SULTR 2;13 , SULTR 2;23 , CSD14,
CSD24, Fe transporters6,7
miR319 4 (P1, N2, Mn5, Zn7 )
miR408, miR2111 4 (P1, N2, Cu4 , Fe6 )
Moderate miR160, miR168 3 (P1, N2, S3 ) ARF162, ARF 171,2, NLA2, APS13, LAC24 ,LAC
44, LAC 74, LAC 174, PLASTOCYNIN4, Fe–S
Cluster Proteins3,6, Fe transporters6,7
miR166 3 (P1, N2, Zn7 )
miR397 3 (N2, Cu4 , Fe6 )
miR857 3 (P1, N2, Cu4 )
Less miR158, miR159 2 (P1, Fe6 ) HAP22, PROLIFERATING CELL FACTOR15 ,
SCL62, NLA2, SERINE THREONINE PROTEIN
KINASE5, AP21,2,3, Fe-S Cluster Proteins3,6,
FERRIDOXIN6, Iron transporters6,7
miR169, miR170 2 (N2, Mn5 )
miR171, miR528 2 (N2, Zn7 )
miR390, miR396 2 (P1, Mn5 )
miR394 2 (S3, Fe6 )
miR827 2 (P1, N2 )
Unique miR437, miR447, miR771,
miR775, miR778, miR830,
miR837, miR896, miR1122,
miR1125, miR1135, miR1136,
miR1211, miR1222, miR1507
P PHO2, ARF6, ARF8, AP2
miR826, miR829, miR839,
miR846, miR850, miR863,
N NLA, ARF6, ARF8, ARF16, ARF18, HAP2, AP2
miR173 Fe Fe–S Cluster Proteins,
FERRIDOXIN, Fe transporters
1,2,3,4,5,6,7 denote P, N, S, Cu, Mn, Fe, and Zn-mediated target gene regulation, respectively.
andmiR2111, the phosphate starvation responsive miRNAs, have
also been found in phloem sap under Cu-deﬁcient conditions
(Abdel-Ghany and Pilon, 2008; Pant et al., 2008; Buhtz et al.,
2010). miR399d, the member of miRNA399 family, exhibits long-
distance transport from the shoots to the roots via phloem, conju-
gated with small RNA binding proteins, exempliﬁed by Cucurbita
maxima phloem small RNA binding protein 1 (CmPSRP1) and
C. maxima phloem protein 16 (CmPP16; Pant et al., 2009).
Furthermore, grafting experiments in the Arabidopsis mutant,
hen-1-1, corroborates the mobility of miR399 and miR395 from
the shoots to the roots via phloem, thus transmitting signals
during nutrient deﬁciency. Interestingly, the translocation of
miR395 was found to down-regulate only APS4 but not APS1 or
AtSULTR2;1. On the other hand, miR158 in phloem sap appears
to play an important role in nutrient transport by targeting lipase
and xyloglucan fucosyltransferase genes during Fe deﬁciency,
whereas miR172 was found to play an essential role in tuber
formation and is considered as a phloem-speciﬁc signaling inter-
mediate for plant growth and development (Martin et al., 2009;
Kasai et al., 2010).
Conserved Groups of miRNAs in
Nutrient Homeostasis
microRNAs play an crucial role in nutrient homeostasis by alter-
ing gene expression in plants. A single miRNA family has been
reported to take part in diﬀerent nutrient homeostasis conditions,
thus playing orchestrated roles as signaling intermediates in sev-
eral metabolic pathways. For example, two families of miRNAs,
the miR169 andmiR172 families are exclusively found in nodules
and are involved in N, P, and Mn stresses. In addition, elevated
levels of miR167 and miR395 during N and S starvation have
been reported. These ﬁndings can be attributed to the fact that
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TABLE 3 | Some probable future strategies for improvement of plant nutrition associated with miRNAs research.
Future strategies Purpose to be solved
Investigation of novel miRNAs and their role in phytate biosynthesis like
regulation of different inositol phosphate kinase genes, alteration of specific
miRNA expression by overexpression or genome editing
Alternative approach for combating the phytate barrier in grains to increase the
mineral biavailability
Role of miRNAs in regulation of nitrate transporters and metabolic enzymes
such as aspartate amino transferase, glutamine synthase, glutamate
dehydrogenase
Improvement of biomass production in crops (since nitrogen and carbon ration is
crucial for biomass)
Role of miRNAs in different groups of Fe and Zn transporters from roots to
seed, miRNA promoter/ genome editing
Improvement of transport and allocation of Fe and Zn in seeds
Identification of root specific novel miRNAs under nutrient stress and
investigation the role of miRNA- mediated miRNA activation or removal of
supressors of transporters
Improvement of nutrient uptake by roots by overexpression of miRNAs
Novel phloem-specific miRNAs under nutrient stress Studying the signal transduction mechanism during long distance transport,
interconnecting relationships among different nutrient transport
Novel miRNA under different nutrient stress Central signaling role of regulatory network between different metabolic pathways
Role of miRNAs in down-regulation of heavy metal transporters Development of heavy metals or arsenic tolerant plants by overexpressing specific
group of miRNAs
FIGURE 1 | Proposed model of miRNA-mediated signaling network for
regulation of nutrient homeostasis. (1) Low nutrient in soil upregulates
signaling molecules which can act as an activator of nutrient stress responsive
miRNA biosynthesis following interaction with mir promoter (2a) or repress the
miRNA biosynthesis (2b) Activation of miRNA (3) attenuates the transporter
gene expression (4) Reduction of miRNA biosynthesis (5) further stabilizes
transporter gene expression (6) and more nutrients are transported. Signal
molecules can induce phloem specific small or miRNA biosynthesis (7) which in
turn regulates the mobility of nutrients through phloem by activating the
transporters (8) Elevated or ambient condition of nutrients can induce other
signal molecules which act as an effector (9) and facilitate the biosynthesis of
other groups of miRNA or small RNAs (10) that interact with low nutrient stress
responsive-miRNA in a opposite way (11) stimulating the specific group of
transporters. The effector molecules may act as suppressor against the low
nutrient stress responsive-activator (12) or inducer to mitigate the activity of low
nutrient stress responsive-activator (13) Effector molecules can also reduce the
biosynthesis of phloem specific miRNA or small RNA families and the phloem
mediated transport is regulated.
some common transcription factors activated by N and S-stress
responses are responsible for the biosynthesis of these two miR-
NAs. The up-regulation of miR319 and miR396 during N and
Mn starvation also supports the hypothesis (Valdes-Lopez et al.,
2010). In this review, based on the abundances during various
nutritional stresses, many families of miRNAs can be categorized
into four conserved groups (Table 2). In diﬀerent plant species,
miR164, miR172, miR398, and miR399 are involved in the home-
ostasis of ﬁve diﬀerent nutrients, thus representing the highest
conserved group. miR156, miR167, miR395, miR319, miR408,
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and miR2111 are classiﬁed as highly conserved depending
on their up-regulation during the four types of nutrient stress
responses. miR160, miR168, miR166, miR397, and miR857 are
categorized as moderately conserved (abundance frequencies
three times), and miR158, miR159, miR169, miR170, miR171,
miR528, miR390, miR396, miR394, and miR827 belong to the
least conserved group (twice abundance frequencies). A par-
ticular miRNA can regulate diﬀerent nutritional homeostasis
conditions by up- or down-regulating the expression of various
target genes (Table 2), which suggests a common signaling role of
miRNAs in the regulation of diverse nutritional stress responses.
Other unique miRNAs also have been identiﬁed in some plant
species during particular nutrient stress responses, and their roles
in the homeostasis of other nutrients should be investigated in the
future.
Concluding Remarks and Future
Perspectives
Major research endeavors have focused on the genetic regu-
lation of P and N transporters under the respective nutrient
stress conditions. Future approaches for miRNA-mediated reg-
ulation of nutrient transporters and other metabolic enzymes
and their implementation in future biotechnological research
are summarized in Table 3. Because phytate is an important
source of inorganic phosphorus, the role of miRNAs in phos-
phate metabolism, including inositol phosphate or phytic acid
biosynthesis is a promising arena for future research. Nitrate
metabolism and the N to C ratio determine the biomass of cereals.
The roles of miRNA in the regulation of nitrate transporters and
metabolism, including several enzymes such as aspartate amino
transferase, glutamine synthase, and glutamate dehydrogenase,
should be more extensively investigated. Regarding metal home-
ostasis, future investigations on diﬀerentially expressed-miRNAs
and their regulatory roles in various Fe and Zn transporters may
aid in the development of a novel platform for Fe and Zn load-
ing in cereal grains. Fe and Zn, two important dietary nutrients,
are found only in small amount in the consumable parts of cereal
grains. To increase the content of these metals in milled grain,
various biotechnological strategies have been utilized (Paul et al.,
2013; Wang et al., 2013a; Borrill et al., 2014; Khan et al., 2014).
However, the role of miRNAs in regulating speciﬁc transporters
or transcription factors in Fe nutrition has not been studied
extensively to date. The Fe-related gene regulation mechanism is
important for understanding Fe nutrition and may elucidate the
clear scenario of gene regulation during nutrient homeostasis.
microRNAs-mediated signal transduction during low/high
nutrient stress is a fascinating topic of plant nutrition research.
The alteration of nutrient levels in soil can trigger speciﬁc signal-
ing molecules that act as repressors of target nutrient responsive-
miRNAs. The decreased accumulation of miRNAs subsequently
stabilizes the expression of transporters (Figure 1). On contrary,
the optimal conditions or higher amounts of nutrients can trig-
ger a speciﬁc group of miRNAs/small RNAs that directly aﬀect
the transporter (as exempliﬁed by the phosphate transporter) or
induce other miRNAs that suppress the expression of repressor
genes. Therefore, the diﬀerential expression of miRNAs and their
regulation under nutrient stress provide valuable information.
The discovery of phloem-speciﬁc novel miRNAs during nutrient
starvation and their cell-to-cell transmission will lead to a better
understanding of the interrelationship among diﬀerent nutrients.
The identiﬁcation of promoter regions of speciﬁc up- or down-
regulated miRNAs that are responsive to micronutrient stresses
and the subsequent development of knock-out mutants by induc-
ing mutation in cis-acting elements using targeted genome-
editing technologies, such as transcription activator-like eﬀector
nuclease (TALEN) or clustered regularly interspaced short palin-
dromic repeats -CRISPR-associated 9 (CRISPR-Cas9) techniques,
may lead to essential crop-improvement strategies in the future.
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